Abstract-Microgrids that integrate renewable power sources are suitable for rural communities or certain military applications such as forward operation bases. For microgrids that are not connected to the large electric grid, new control strategies must be designed to maintain proper grid voltage and frequency. In addition, microgrids with distributed power sources and load nodes may have frequent reconfiguration in grid architecture. Therefore, the control strategies ideally should be "plug-and-play", i.e., they should not require significant communication or architecture information, and they should work reliably as long as the supply/demand powers are reasonably balanced. Another unique issue of microgrids is the high resistance loss in distribution lines due to the low operating voltage. To reduce power losses, appropriate voltage control at distributed nodes is required which again must work in a plug-and-play fashion. In this paper, we propose a decentralized voltage control algorithm that minimizes power losses for microgrids. Its optimality and plug-and-play nature are demonstrated through comprehensive simulations.
I. INTRODUCTION

D
ISTRIBUTED renewable power sources are being deployed at a rapid pace due to their lower environmental impact, reduced carbon emission, and improved energy diversity and security. These power sources sometimes are installed in rural areas away from the main electric grid, forming microgrids [1] - [4] . They can be used to support small communities, colleges, hospitals, or other buildings that need a reliable and non-interruptible power supply. For military applications, the microgrid concept is especially appealing because military missions require reliable and secure power supply. Reducing the need for fuel delivery is beneficial from both the financial and logistic viewpoints. The U.S. Army found that 50% of the casualties during non-combat missions in Iraq and Afghanistan are related to fuel delivery [5] , [6] . Electricity generators account for 22% of fossil fuel consumption in the contingency period [7] . In other words, reducing logistic needs due to delivery of liquid fuels may help to reduce non-combat casualties. The electricity grid for a forward operating base is frequently an islanded microgrid. In these microgrids, electrified vehicles can serve C. Ahn as energy storage systems and provide vehicle-to-grid (V2G) functions using the on-board generators [8] - [10] . The vehicles can also move and be connected to the microgrids at different locations. This reconfigurable characteristic makes the control of military microgrids more challenging but in the meantime is also an opportunity. Electrified military vehicles consume less fuel during driving, which further cuts down the logistic burden. Frequent changes of configuration and relocations of small tactical military bases require the microgrid to be plug-andplay. To meet the requirement, the power sources should provide additional grid services, including frequency regulation and voltage regulation. Islanded microgrids have little or no inertia components. In such cases, regulating ac frequency is more challenging. A number of control strategies for frequency regulation have been studied [11] - [14] for microgrids. Another attribute of microgrids is their more resistive lines than high voltage network. This results in a more resistive loss rate than traditional transmission network. Therefore, power loss in the microgrid is higher in percentage and voltage or reactive power allocation over the microgrid network should be considered.
For transmission network in the traditional grids, voltage or reactive power allocation is usually determined through optimization with prior knowledge of the grid structure and the operating conditions [15] - [18] . The optimal reactive power flow and the optimal voltage profile, as a result, can be achieved by adjusting capacitors, tab changing transformers, and synchronous compensators. However, for microgrids, especially military microgrids, these approaches are not appropriate due to two reasons. First, it is desirable to have fewer conventional components, such as capacitors, transformers, and synchronous compensators-deploying those devices at the node level are inconvenient and expensive. Secondly, military microgrids must be scalable and re-configurable, and they have frequent "power source failures" (plug-off of vehicles, intermittent renewable power sources). In other words, centralized concepts using full knowledge of the grid structure are not practical. A decentralized control algorithm based on non-conventional reactive power suppliers is desired.
Control strategies to provide reactive power service to a microgrid without using conventional reactive components have been studied [19] - [21] . Research in [22] , [23] showed that inverters can supply active and reactive power to a grid with a wide range of power factor even with uncontrollable power sources, such as solar panels. To realize real-time decentralized control strategies, Tanaka designed a decentralized control strategy extracted from off-line optimization results [24] , but this control design requires prior knowledge of the grid structure and extensive computations are needed if the grid structure changes. Cagnano [25] suggested an online optimal reactive power control strategy for microgrids, however, it has a centralized architecture.
1949-3053 © 2013 IEEE The main contribution of this paper is the development of a model-free, decentralized voltage control algorithm which minimizes power loss of an islanded microgrid through a cost minimization concept. The concept is found to work well even when the configuration of the microgrid changes. The proposed concept consists of two-levels. A low level controller, which is designed based on the inverter and phase-locked loop (PLL) system, regulates the power output and the terminal voltage. The high level controller is designed using a cost function on distribution power loss. We design the high level controller to work in a decentralized way requiring very limited communications.
The remainder of this paper is organized as follows: Section II discusses the controller structure and the decentralized control design, especially the derivation of the high level voltage controller; in Section III, simulation results with plug-and-play performances are presented and discussed; and, finally, conclusions are given in Section IV.
II. DECENTRALIZED CONTROLLER DESIGN
The structure of the microgrid is shown in Fig. 1 , where a communication network may exist (we are analyzing both with and without communication cases). All the distributed power sources are assumed to produce dc, and they can be solar panels, batteries, or wind turbines and internal combustion engine-based generators (such as diesel engine generator or micro turbine generators) that have their power converted to dc (which is a common practice). In this section, we describe the inverter model and controllers, both of which are located in the "Inverter Controller" block in Fig. 1 . The details of the controller is shown in Fig. 2 where the controller consists of a high level controller, a low level controller, a phase-locked loop (PLL), and a calculation and measurement block.
A. Inverter Model
The inverter model is shown in Fig. 3 , which consists of a dc to ac inverter and a grid interface. The voltage at the inverter bus is synthesized to an ac voltage wave form and the voltage at the terminal bus is common with the grid side. The primary goals of the inverters are to regulate the terminal bus voltage magnitude and the active power delivered to the grid . This is achieved by controlling the modulation index of the inverter, which controls the inverter voltage magnitude through the relationship (1) and the inverter firing angle, which determines the phase angle . The active power delivered to the grid is then
The two control variables, and , are controlled by the low level controller shown in Fig. 2 .
B. Low Level Controller
The low-level control is assumed to use a PLL to ensure synchronization to the ac-side voltage. Specifically, the inverter control strategy proposed by Hiskens and Fleming [26] is utilized: (3) where is the desired active power assigned by the high level controller, is the active power output, and is a phase angle observed by the PLL. The design parameters, , are selected to attenuate transient signals (using ) and guarantee the tracking performance (using and ). The terminal voltage is regulated by controlling , which can be achieved by the modulation index control: (4) where is the desired voltage given by the high level controller, and are determined by (5) where is the apparent power limit of the power source, The first term on the right side of (4) is activated only when the magnitude of the current reactive power is smaller than the limitation, and the voltage is being controlled (voltage control mode). Once the reactive power exceeds , then the second term is activated and reactive power is controlled (reactive power control mode). This discrete control structure enables voltage control while keeping the reactive power within the limit. are adjustable control gains.
C. High Level Power Controller
The active power output should match with the load, which can be done by regulating the grid frequency. For load matching, we assume a PI control is used to regulate the frequency, as follows: (6) where and are proportional and integral gains, and is the frequency error. The frequency error is calculated by subtracting the frequency measured at PLL from the nominal frequency. The nominal frequency is a predefined value as reference, such as 60 Hz.
D. High Level Voltage Controller
When the supply and demand powers are balanced and the frequency is well regulated, the distribution loss is simply a function of voltages at the generator buses. We define the cost function to be minimized in such a case as: (7) where is the total power loss in the grid network, is the total power generation, is the power supplied from the generator bus to the grid, and is the power consumed at load bus which are assumed to be constant.
is the number of generator buses and is the number of load buses. The cost function is minimized by controlling the voltages at the generator buses, . The condition for monotonically decreasing is:
where is assumed to be constant (or slow varying). To ensure that (8) holds, two algorithms are proposed: a decentralized algorithm with communication and a decentralized algorithm without communication.
In the cases when communication is available, if the control law is chosen to be: where is a positive real number, then (9) always holds because (10) The control law, (9), can be implemented by measuring the sensitivity of total power generation over voltage variations. It requires the measurement of total generating power and a control authority on all the generator bus voltages, which is a centralized control concept if implemented directly. The requirement for central control authority can be removed by using sequential executions and of the voltage control. To implement the sequential executions, two pieces of information are required: the amount of active power generation of all generators, and a token. Each generator broadcasts its power generation. The token allows only one node to adjust its voltage at any time while all other power sources keep their bus voltage constant, as shown in Figs. 4(a) and 5. is a time counter; is a time step; is a control time span; is a excitation period; is a magnitude of voltage excitation; is a voltage lower limit; and, is a voltage upper limit. In case that no communication is available, each generator node has access only to local information. The condition for monotonically decreasing is: (11) Due to the lack of global information and authority, monotonic decrease of the cost function can be achieved only by using local information. A candidate control law is (12) where is positive real. Plugging (12) into (11): (13) The sign of (13) is uncertain. However, if all the distributed controllers use the same control strategy, such as a PI control for frequency droop control, then (14) Equation (14) then can be rewritten as: (15) In other words, the control law (12) can reduce the power losses using only local information when (14) is satisfied. The control law is implemented as the flowchart shown in Figs. 4(b) and 6.
The controller is implemented in each power source with limited communication. Furthermore, in the controller design, we assume small distribution network and small voltage drops over the network. Therefore, we do not consider voltage level monitoring at load buses. If the load voltage constraints are necessary, we need voltage sensors at the load buses and a higher level of control such as adjusting and . However, this requires a centralized control action and, thus, we focus on only the proposed method without voltage sensors at the load buses in this paper for the decentralized capability. This may limit the applicability of this method to large grids.
III. SIMULATION STUDY
The proposed decentralized algorithms were tested on a simulated grid model of a military forward operating base. The base is assumed to have 50 soldiers and is supported by distributed solar panels and electrified vehicles, as shown in Fig. 7 . In the first example, the electric grid consists of two supply buses and two demand buses. In the simulation, we modeled the solar panel and vehicles as voltage sources and assumed that the voltage variations of the dc power sources are well regulated by their own management system and the vehicle batteries can be charged by combustion engine as required. Because the main interest in this research is power loss minimization along long time horizons rather than voltage stability in a short time scale, we modeled the power sources as constant voltage sources. The grid model and controllers were implemented and simulated in Matlab environment.
A. Decentralized Control Algorithm With Communication
The grid model is shown in Fig. 8(a) , where 'PV' denotes photovoltaic solar panels. The power from the vehicles was controlled to regulate the frequency. Initially, the solar panels were producing 79.5 kW and vehicles were charging at 10.6 kW. The voltage variations at the generator nodes are limited at % from the nominal value. The grid parameters and initial conditions are listed in the Appendix.
Under the proposed control algorithm, and approach 1.05 pu and 1.035 pu, as shown in Fig. 8(b) . The overall distribution loss was found to converge to the minimum power loss, the value of which was computed through exhaustive numerical search. Because the power flows from Bus 1 to Bus 2 and the reactive power flow was quite small, turned out to be higher than . The power loss first reduces quickly with the two bus voltages drift away from each other, then reduces slowly as the two voltage increase together. The total loss is reduced from 7.5% to 5.5%, i.e., by properly setting the voltages of the nodes, the loss is reduced by about 25%. Fig. 8(c) shows the case when the grid load varies in a way similar to what are typically seen during a day. From 0 seconds to 400 seconds, is higher than because power flows from Bus 1 to Bus 2. However, at 600 seconds, demand exceeds the supply level from the solar panels, thus the electrified vehicles provided power back to the grid. In this case, power flows from Bus 2 to Bus 1, and is higher than . Between 600-900 seconds, the bus voltages increase together to reduce losses. The results show that the decentralized controller works well even when the load changes slowly.
The scalability and flexibility of the control algorithm is further tested under different grid configurations. Distributed power sources, especially electrified vehicles, can be relocated Fig. 9(a) , a fleet of vehicles was connected to Bus 4 and supplied power to the grid running on-board generators. Similar to the previous cases, the power loss reduces quickly at the beginning and then slowly approached the minimum value. In this case, the power loss was reduced to 2.8% because the newly connected vehicles collocate with a significant grid loads and thus less grid power flows through the distribution lines. In the case of Fig. 9 (b) the grid has nine buses. The proposed algorithm works well in all these cases without using any grid information. Fig. 10 shows changes of control variables and reduction of power from vehicles, where we see 6.5% of power reduction from vehicles. As the number of grids and control variables increase, the convergence is slower because of the higher grid complexity. However, it is also observed that the power loss reduction is greater. The two simulation cases shown in Fig. 9 indicate that the algorithm can adapt to significant grid structure changes and work in a plug-and-play fashion quite reliably.
B. Verification of the Decentralized Control Algorithm Without Communication
The grid used to verify the decentralized control algorithm without communication is shown in Fig. 11 . To meet the condition (14) , the PV is replaced with a vehicle and all vehicles use the same power controller. Even though there is no communications, all the power output variations are the same because the power output variations are governed by the same controllers using the common signal, the ac frequency. In case when some Tables I and II . Verification of the algorithm was performed for both constant demand case and varying demand case. In the constant demand case, shown in Fig. 11(b) , the power loss reduction was found to be comparable to the case with communications. However, when the demand power is varying [e.g., Fig. 11(a) ], convergence is slower. Furthermore, when the grid structure changed, the algorithm without communication did not quite reach the minimum loss conditions [ Fig. 11(b) ] and had fluctuating performance [ Fig. 11(c) ], which show the limitation of communication independent control strategy. Based on these results, we believe the proposed decentralized control WITH communication is a more reliable algorithm to use if it can be made available. The existence of an information network improves the flexibility in power control design and ensures minimum distribution loss is achieved.
IV. CONCLUSION Microgrids can have significant distribution losses because of their lower voltage levels. They require a voltage control algorithm that works in a plug-and-play way. In this paper, we proposed two decentralized voltage control algorithms that are derived from a cost function that minimizes power losses over the grid network. Computer based simulation showed that the algorithm can work reliably without knowledge of the operating conditions and grid structure. When communications are not available, the control algorithm still works well in many cases but the performance deteriorates noticeably compared with the case with communication. APPENDIX   TABLE I  GRID PARAMETERS   TABLE II  INITIAL CONDITIONS FOR ALL THE SIMULATIONS   TABLE III  CONTROL PARAMETER VALUES 
